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ABSTRACT 

The MIT-OMR electrostatic generator 
eee Nase bene wane oe oe distribution of 
groupe from the reaction (d,p « A thin target of Oo, 
backed by Formvar and gold leaf, was with 7.0-lev 
Ons. ee ee ae Sees & oe Ge ee 
and ten excited levels of were observed. 

the Cali(d,p)caltS reaction was observed to a 
mantly by stripoing. The distributions have been compared with the 
predictions of the Butler stripping theory, in order to determine Zp, 
the ancular momntum of the cartured neutron. 

The angular momenta and parities for the levels of Call? nave 
been determined as listed belon: 
_oa—_level_ es of _Spin__ Parity 
Ground State 5 Odd 
os ae ry 
1689 Mev 1 1/2, 3/2 odd 
2.25 Mev 1 1/2, 3/2 Odd 
200 Mev 0 “yen 
2.8 Mev 1 or 2 1/2, 3/2, $/2 - 
Seah, ev lor? 1/2, 3/2, $/2 > 

or « 

3e Mev = "> - 
ake inv 1 or 2 1/2, 3/2, 5/2 ~ 


The relative differential cross sections for formtion of the 
various levels have also been calculated. 


The conclusions indicated that no single choice of the param- 


encountered 
It has been suggested that the theory of Toboemn my cive theoreti~ 
eal predictions to mtch the exverimntal results. 
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Ie INTRODUCTION 


The High Voltage laboratory at the ‘assachusetts Institute of 
Technology has been investigating nuclear reactions imrolving caletum 
isotores to provide experimental data woon which oredictions of mrlear 
structure my be mde. The calcium isotones have closed shells of 20 
protons. ‘a! has 2 closed shell of neutrons; the heavier caleiu 
isotopes are formed by adding neutrons to the If, 1) shell until the 
shell 1s closed at Cal®, cali? nas ome noutron in the If,» shell. 
Kurath and Edmonds and Flowers’ have mde theoretical studies of the 
energy-leve) stroeture arising from confirurations of two, three, and 
four identical particles in the 1f, 1) shell on the basis of the j~j 
coupling shell model. ‘The latter authors point out that a transition 
from L-S to <j coupling is anticipated in the region from A = 0 to 50. 
This laboratory has mde at least vreliminmary inveetigetions of the 
Gunna tows of co”, ogi" cali? gl”, cabth, oat, cat, ana 
dali®, and of the angular distributions of Ca!) ana calt3°, 

This experiment investigates the ancular diatribution of 
protons from the reaction Calt(a,p)oali®, ‘The cali crown state has 
five neutrons in the If, » shell outside closed shells of 20 neutrons 
and 20 protons. Problems concerning the states that are formd by re- 
arrangement of the five mutrons within the If, shell my be treated 
the sam amlytically as the problem of 3 neutrons in the shell, accord- 
ing te the "hole" theory. 
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The angular distributions of protons from (d,p) reactions are 
often characterised by pronounced mxim in the forward direction. In 
order to explain these reactions without postulating high values of 
angular momentum, the stripping process has been visualised. The 
Butler’ theory predicts the angular distributions of rotons from 
these (d,p) resetions in term of "/,.", the angular momentum of the 
captured neutron. Butler's calowlations iniieate that for Cp «= 0, 
the maucimm of the angular distribution orcurs near 2 = 0, where @ 4s 
the angle of cbsorvation, As the characteristic value of /,, ig ine 
creased, the mximm of the angular distribution moves to larger values 
of 6, If the angular momentum and parity of the initial meleus in the 
yeaction are inom, determination of Ln corresponding to the formtion 
of a given level in the final mcleus also determines the parity and 
possible wilues of angular momentum for that level. Greater restric- 
tions my be placed on the poesible values of angular momentum for the 
level if I = 0 for the initial nucleus. 

In this experimnt, the Butler theory has been used to investi- 
gate the narities and ancular momnta of the grou’ state gnd ten ox- 
eited levels of cali”, 1ssted in Table Te 

ca!® decays ty beta emiasion to Se’, the masured valms for 
selS of t= 7/2" ant n= het6™ point to & fy grount state because of 
the position of Se!” on the Schmidt diagram. This in as nredicted by 
the extreme single<particle shell model. The P~ decay has a half-life 
of 163.5 days” and an allowed shave on the Kurte plot with Bmx © 
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TABI I 
Recited levels of cal® 


Ground state 
Oo1? Mev 
1h3 Mev 
1.99 Mev 
2.25 Mew 
2.10 Mev 
2.8h Mew 
2.96 “ev 
302k Mow 
3032 Mew 
3oh2 Mev 
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0.255 wey", Thies leads to log ft = 5.9 If then the §~ transition 
is taken to be an alloned om, the result is not in disagreement with 
the extrem single-particle shell~mdel rrediction of fy /p for the 
ground state of Cal, since I = 0 for the ground state of Ca”, tne 
angular distribution of the protons associated with the formation of 
the grou state of Ca! 19 expected to be characterized ty 2, = 3s 
The MIT-“OMR electrostatic generator and broad-rance mgnetic 
Sreetrocrach have been used to study the ancular distributions of 
proten groupe resulting from deuteron bombardment of a thin Calo 
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target. The investigtion has been carried owt at an energy of 7.0 
Mev. The proton groups associated with the ground state and the ten 
excited levels of Cal? have been observed at eighteen angles between 
7-1/2 and 120 degrees. 
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IT. EXPERIMENTAL PROCEDURE AND APPARATUS 


Charged varticles emerging from the bombarded target were 
deflected in the moemetic field of the svectrograph and then de~ 
tected on Bastman NTA 25, photographic plates. The positions of the 
tracks along the plates determine the radii of curvature of the par 
ticles. Calibration of the various distances along the plates was 
made previously by comarison with the position of alpha~particles 
from polonium deflected by a mown spoctrogranhic field. This sro- 
cedure has been described elsewhere, The plates were read by count~ 
ing the mmber of tracks within each half-millimeter section along 
the plates. The total length of photographic plate exposed in one 
run is apnroximtely 76 centimeters. To facilitate plate reading, 
the plates were covered with thin layers of alurimum foil during 
expesure on (d,p) runs to prevent charged perticles heavier than 
protons from reaching the emulsion. Detailed deseriptions of the — 
MIT-ONR electrostatic cenerator and the broad-range spectrogranh 
have been -iven elsewhere”, 

The target used was prepared by ©. i. Braams, presently at 
the University of Utrecht, while working at this laboratory. ‘The 
method was evaporation of Ca onto a thin film of Formvar, backed 
by gold leaf. The enriched Ca'l! isotope was received in the form 
of CaCO, from the U.S. Atomic Mnergy Commission, Stable Isotopes 
Division, Oak Ridge, Temessee. The caleium content was 97299 pox 
cent Call's the impurity mas minty da!!, 
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The Butler ewves shown in the results wore constructed from 
nomograms prepared by ©. Re Iubits and Ws Cs Parkinson of the thiver- 
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TTI, EXPERTMENTAL RESULTS 


In order to determine the strong contaminants in the target, 
@ survey was made by bombarding the target with 6-Mev protons and 
analyzing the elastically soanttered proton crouse for the masses of 
the seattering meleie The results of this survey are presented in 
Figure 1. A hOO—mlerocoulonh exposure wae used with a smectrogranh 
angle of 190 degrees. The peak for gold is anproximtely 250-kev 
wide at the bottos, thereby obscuring any contaminants of meses be- 
tmeen 50 and 197. 

A prelimimry bombardeent of the target with 7<Mev devterons 
was made, using an exposure of 500 microcoulonhs, and a snectrograph 
angle of 30 degrees. The resulting proton grovps were studied to 
verify the presence of emrgy levels of Cal, as found by Co lie 
Braams. An additional verification was later provided by noting that 
the energy of proton groupe attributed to Cal? nad the correct depend= 
ence upon %. 

The preliminary bombardment srovided informetion on the inten- 
sities of the various Cal levels. This informétion was used to 
determine the exposures required to observe the levels with good 
statistics. } 

Reperimental data for the angular distribution of call’ were 
obtained with two bombardment exposures at each angle up to 60 degrees, 
because of the differences in the intensities of the proten grouns 
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Number of Tracks (Protons) 
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Energy in Mev 


Ep = 6.0 Mev 


I8 
Mass Number 


Figure 1 
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35 4044 
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associated with the formtion of the various levels. A 3000-micro~ 
couloxs> exposure was wed to obtain data for the groups corresponding 
to the ground state and to the 0.28, 2.0, 2.96, and 3.32 lev levels; 

a@ 5O00-mierocoulomb exposure was used to obtain data for the groups cerre- 
Spending to the 1.3, 1699, 2.25, 20%, 3.%, and 32 Mev levels. All 
data obtained at angles from 70 to 120 degrees were obtained with a 500- 
microcoulosh exposure. | 

Tigee 2 shows representative data obtained with a SOO—micro= 
coulenb exposures The halfwidths of the peals observed in the experi- 
ment varied generally from 1.3 to 300 millimeters, corresponding to 
emrgy spreads of 16 to 23 nv. The peak width was due to a conbin- 
tion of target thickness and slit openinre 

Because of the presence of carbon and axygen in the target, 
some levels of Cal eguid not be cbsorved at certain angles sime thay 
“were masiod by intense proten groups from the ¢!4(a,p)c and 
016(4,5)01 reactions. This situation is mde clear in Figure 2 by 
the intensity of the proton group corresponding to the formtion of 
the ground state of C4, ‘table IT tabulates the date missing because 
of carbon and oxygen reactions. 

All levels of Cal’ were cbacured at the S~iegree angle of obser- 
vation because of an intense background of protons from A1?7(4,)41?8 
reactions in the aluuisa foil covering the plates. At aml angles of 
observation, the nusber of deuterons scattered into the spectrograph 
‘becomes very highe 


hg 


worolm-OOO€ A .alevel avelrev eit to moléarm? aid détw betatooses 
grthooqeerres ecorg efé wot atab atatdo o¢ bear ase onreocxs dmefvee 
tafovel val S.C bus 30.8 ,OueS .2L.0 at of bas etate havory exit oF 
erm covey eit rot ats ntotdo o¢ bees waw eviecqae duoluosorotmOO2 B 
ff4 .elevel vali Si.€ bow . ASE .WoS . Beh Chef Cif att of gabhnoge 
002 6 détw bentstde exer eeergeb OSL of OF mort eefgns te bexteddo atab 
| eommogrs daoluoserela 
<ornteO02 8 dtiw bentaddo atsh ovitsinesezqe: awe S omglt 
~iteqxe eit mt hevroado wiseq elt to edthimtfad edT -.enneqxe deoleoo 
of yutbmqeorios yeretentifin ef of fof mort vilereney betxev Smem 
<antdnoo © 0% exh aw dthiw steoy orf? eved £8 o¢ Af To sheers yrere 
egiinege ¢ife bas esemioicd? gegrad to moke 
efegund edt ak nayow tan aedens Ye connern: edt to eevenet | 
veld sontn wefyas mtatres te bowxoads of ton tisoo Hed te efeveal sme 


bas “o(q,b)=§ ost mort oquerg motom eenoint yf beleer eer 


WS owsl% at refs ebas et miverdie etd? senottoser To(q,n)% 
to soté¢armt ect of yathnoqeerros avery mosomw elf Yo yhtenoint edd 
cxrnned gutcatn ateb edt eetatuded 1t afdat «Lp to otate teworg elt 
senoltener negye bers nodrso to 

~reedo to efgns eerged-2 ert ¢a benreedo erew gD to efevel LfA 


*Sra(q.b)T8ra mort emotony to hwonplosd ennatnt ne to eevsced nolttey 


‘to soem [fame tA esotalq odd paiveves fhot sunitewle elt at enolsoaer 
thergordooe exit oft berettaces enorotveb to rodmun ont .aolsavrende 
efigtd yrov eemmped 


Number of Tracks 


Proton Energy in Mev 
10 II 


PROTONS FROM 
Ca*4*(d,p) Cat 


Eg =7.0Mev 
8 (Lab) =60° 


Ca*! (1) 


460 480 
Hf in Kilogauss - Centimeters 


Figure 2 


500 


-le 


TABIE II 
Data Missing Because of Interference from 
0%(4,p)0™ ana 0!(4,p)0"" Ronetions 


= Reaction 
cab tever nespenetsie — wa 
Bohi2 Mev o*7¢o) 30°, 38° 

3032 Mev oo) = —«- 12°, 10°, 15°, 20° 
3032 lev 30) 70° 

2096 Mew c3(9) 50° 

2e0h Mev 30) Ls® 


While observing the angular distribution of protons, the mg- 
metic field of the spectrograph was varied from run to run to cause 
the ground-state proten group to be observed at the sam place on the 
Photogrenhic plates at each angle of observation; thie in fact caused 
te other ca! croton grows to rewain almost stationery. This pro- 
cedure obviated the med for a solid-angle correction caused by a 
given proton croup appearing at different positions as the angle of 
observation was varied. 

To insure that there was no chance in tho: target which might 
have affected the intensities of the observed proton grouse during the 
successive runs at the various angles, normiising runs were periodi- 
cally mde at an angle of 60 degrees. The sum of the number of tracks 
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corresponding to tho grou! state and to the 1.):3- and 2.25<thv Isvels 
Was counted for commrrison. Normlisging mms were mide with an expos- 
ure af 500 microcoulombs. Table TIT outlines the method and results 
of the normilising procedure. The reenits indicate that there was ne 
chanes in the target. 

It waa also necessary to insure that a shenge in ths angle of 
observation, 9, di¢ not change the soli¢ angle subtended by the defin- 
ine slits which are just in front of the photoeranhic vlate. To 
Sccomplish this, the target was rotated 90 decrecs, from 15 degrees 
from the beam axis tc + 5 degrees, between mms 5 and 6. As can be 


seen from the diagran below 
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TABIZ IIT 


Order of Runs + standard deviation 
Normalising run 1 1393 + 37 
Rums at 50, 0, 30, 20, 10 degrees 
Normalising run 2 1320 + 3% 
Runs at 60, 55, LS, 35, 25, 18 degrees 
Normlising rm 3 189 + 39 
Normlising run ) hh? + 38 
Runs at 7-1/2, 5 degrees 
Normilising run 5 U2 + 8 
Normlising run 6 137 + 38 
Runs at 70, 90, 110, 120, 100, 90 degrees 
Normalisine run 7 WsWs + 38 


this rotation did not change the area of the target which was illumi~ 
mated by the beam even if the beam had been off center; however, it 
@id change the apparent width of the beam spot as viewed from the spec~ 
trograph. Since the intensity of the peaks did not change between runs 
S and 6, thie imifestes that the apparent width of the beam spot did 
not affect the solid angle observed ty the svectrogranh. 
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Figures 3 through 21 show the experimntal angular distrioutions 
Plotted with the caleulated Butler curves. The errors shown represent 
the statistical coumting errors only, based on a standard deviation. 
The spectrograph accepted particles with angles 1/) degree either side 
of the nominal angle 9. 

The Butler curves, as plotted, are not corrected for the dif- 
ference between 9,,, and 4, . or for the difference between the solid 
angle in laboratory and solid angle in center~of=mss coordins tes. 

Using the formas, 
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qne gets the following results for the tenth oxeited level at 3.1/2 Mev: 


04, Sia 40 a © 6m. 
— dunes TA tap 
10 9 13 7 Oe 9h: 
se 48° 48! 1° 12! 00967 


wiltie 


coriduebath canna femnentsogne afd vee £8 towwnlt & awa 
treaveqer mote ewrese eff corwe rae val hetatpetae ett Atte bebteliy 
smoltetveb frabnate s so heesd ,yfnn querer pnbtevoo feottettede odt 
aaa lapeeeiaestenn 


a Meh RR Be eres 


Rass ein, Glee wee +O efgnn Lanteon ett Y9 
Sn ee sety s oP den on oi te Tabs) 
in aon emeet at wt sg? a qh meet ome 
ee i me Oren 


ae & ener talon? edd. gah 
& ) 

aoredvetl * orgygego® mbes ghee” eo cone 

oe hg Sa uo? 8 + ¥ € swe yoetet Comet 

a ere | I mut gehe tl noreglt 


ET ce BOT te emt 


: 3 
, ag O + oifed at 
te = SYi - ot fs 2 eevy aoahnd Comepolt 


Of + Tear : } axes qulehl angel 


edn te one ane L Oo OF on cml 


4 & OLet oe 
4. 

0 A SY out? =e? wo « 2 ie 
ole dar “6 

~igplit now debts seguad ertt te see att apm tom bit apteated afd 


iva Si6§ ¢@ Level badioxe siémed elt 20? etivews yakwoiier ei? edeg emp 


exeetaRa orte 


e4 vt; 
eae reer? fon Sih enigeg cult to yt sonal? aa 
QP soars atid Ye wane eelecce ait 20 Bs eh 5 hem 


Stomcyentonen wit berevedy ages Dien ott toi oan 


S Regs oe soqe ansd ais to Able om ante TE 


ol5e 


The correetions for thie state are largest, since it has the 
lovest Gevalue. Over the range of interest, 6 = 10° to 50°, where the 
maxima occur, both corrections are smiller than the error introduced 
by the nomograms 

One undetermined parameter in the caleulstion of the ancular 
distribution in the Butler theory is the interaction radius, ry. 
iiuty”” nas stated that Gamov'a”” formila 


2, © (2622 0/9 + 147) x 10° on. 


gives a radius which will normally support uniqwe <cetorminations of 
Ln This formia gives 2, = 6.0% 107 on, for cal, to re- 
sults of this experimnt insiicate that no om value for rz, will lead 
to unique values of J .5 therefore, the experimental data have been 
presented with Butler curves employing r = 6.0 and 7.0 on Figures 3 
through 21. 

The experimntal data on Figures 3 through 21 hawe been inter- 
preted as follows: 

Figures 3 and  illustrete the crourl<state distribution. Tt — 
ie characterized ty /,, * 33 To = 7.0 provides the best fit. 

The O.l%~iev level is not tliuetrated. The state was detected 
at the iniicated energy but was observed with such low intensity that 
the angular distribution could not be determined. 

Figures 5 and 6 illustrete the i.h3-lev level distribution. It 
is characterized by 7, = 13 rq = 600 provides the best fit. 


off wad &t conte vet etna htt a% enottoeris arf? 
ennlainah a ce re “aoe 
| te vet 
ALK, A 5 PRG ty ond 
. - = totecorednt etd at Yroectt wattult oft nt notdndinteth 


é P ' — " aie 5 7 _ © ones StS es Set aH nse rer omadcn 2 a oo 
bit iy ba as or iat Slee A eae aed oat bt 703, Bae te} ume HF hos Pie to Rab Hi To wep en gy | 


ofS Elen x (fof + Mt, Sel) .6 gt warts 


Pia k a ee 3 r a eyey hes ' Bs , nee fy eo oer shy a ee ag ch ‘ 


to enestanteretes erpio swomwe yiksenon Libr debi auther 8 sovty 
wor oft yy werden og v0.8 = yo ebvty afm? abd? og Y 
beak Lite gx aui-enlaw ene on ai? atnotint ¢rectraqee att to ettie 
reed ora Stab Setieadency ett <weetoratt I © teutav sept of 
€ commit a Oof ban Oxd » gt gatwntene sora satiut Ate betnesene 


sce su out 0 teal (Wiig as tale td” 


da fe 
0 ten a tone Ot» gC * gf Doteaaret a 
“te uttmntnt wa dave Ate bersete a dd eee batt! ft fe 
so sbeatirateh od fon hinee anttnchaters aligns tt 


ot «activdhdbett Level weietdihiadt otocrectit-d hia 2 svmtt. 0! 
SiR lone, ete ssnsslln' Ss) # on a8, 0'°5 Wh heekentomnas ie 


-16- 
Figures 7 and 8 illustrate the 1.99Jev level distribution. It 
x 4, probably an @,, = 1 distribution; r, = 600 orovides the best fit. 

Figures 9 and 10 illustrate the 2.2S=Mev level distribution. 
It is characterized by 2, = 1; rq = 6.0 provides the best fit. 

Figures 11 and 12 illustrate the 2.h0+Mev level distribution. 
Tt is characterized by 0, = 9. 

Figures 13 and 2h illustrate the 2.%h<Mev level distribution. 
Tt is probably an 7 = 2 distribution; however, the fit is somewhat 
ambiguous at both values of r,. 

Figure 15 illustrates the 2.96\Mev level distribution. No 
determination of J, 19 possible. The asymmetry about 90 degrees 
suggests that stripping action takes place in the formation of this 
level, but it does not appear to be the characteristic "Butler" tyne. 

Figures 16 and 17 illustrate the 3.2h=lev level distribution. 
It is probably an f ,, = 2 distribution; the fit is ambiguous with 
Bo * 600. 

Figures 1° and 19 illustrate the 3.32<lev level distribution. 
The data do not justify the assignment of 2... There is doubt 
whether the characteristic "Butler" type stripping takes place in the 
formation of this level. For commrison only, 2. = 3 curves are 
shown. 

Figures 20 ani 21 illustrate the 3.12=Mev level distribution. 
Tt ie probably an 2. = 2 distribution, but the fit is poor. The 
assignment of 2. might have been more definite had the level not 
been obscured at 30 and 3% decrees. 
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Table TV tabuletes the assignments of spin and parity to the 
states of CaS nade as a result of the conclusions drewn above. 

The intensity of the veaks from the various levels at their 
maxima was compared with the intensity of the ground state at 
@ = })0 degrees, in order to caleulate the relative differential cross 
sections. These relative cross sections and the angle at which they 
were compared are tabulated in Table TY. ‘'n these calculations, 
solideangle corrections were used to correct for the different loca-~ 


tions of the proton grouzs. The solid<angle corrections were taken 
from a curve prepared by 5. F. Zimmermn, Jr, of this laboratory. 

An attemt vas made to determin absolute cross sections by 
comparison of the observed intensities of the (d,p) reactions with the 
intensity of Rutherford scattering of ‘.0-\ev alpha-varticles by Calilt, 
This proved not to be possible with the gold-hacked targets available, 
because the peak of the alpha-particles scattered by gold was wide 

enough to obscure the Ca’! peak. 

The Butler curves, as caleulated, represent only the angular 
distributions. A mitiplying factor was required to apply to seach 
calculated curve in order to mitch the maximum to the maximus of the 
experimental data. The factor for the 2.))\0-lev level was obtained by 


matching the Butler curve té the experinental data at @ = 10 degrees. 
The factors are listed in Table VY. ‘The factors are normalized so as 
‘“ be equal to unity for the 7, “1, ¥, « 6.0, Butler curve. A solid- 
angle correction was mde. 
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IV. CONCLUSIONS 


Agreement with the Butler theory seems adequate to assign 
values of €. with assurance to the distributions for the ground 
state and first five exeited levels, with the exeention of the first 
excited state. Assignment of 2, to the distributions for the next 
five excited states is somewhat dubious. 
| Tt is emphasised that no unique value of r, results in posi-~ 
tive determinations of /.. It is further noted that those states 
assigned 2 = 1 were best fitted by r, = 6.0, whereas the ground 
state, assigned J, = 3, and the 2e%h~ and 3.2h-Mew levels, with 
probable values of 2, = 2, are best fit by a higher ro. 

It is concluded that the Butler theory is not complete enough 
in all cases to mike wnambiguous assignments of Z,. It appears that 
&@ more elaborate treatment is necessary. | 
Tobooman”” has develored an «xtension of the Bubler theory ty 
considering the effect of Coulomh and nuclear interactions. The 
Coulomb effect would seem to be smill, since the bombarding energy of 
607 Mew in center-of=mass coordinates was above the Coulomb barrier 
of 5.6 Mev. However, only a slicht shift of the maxima of the theo- 
retical curves is required for cood agreement with experiment. 

Ascording to Toboomen, the Coulomb interaction tends to move 
the mxima to larger angles and broaden the peaks and to fill the 
valleys between the primry and secondary maxim. However, the 
nuclear interaction tends to displace the peaks toward smaller angles 
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and to make them less broad. A mechine calculation is required to 
find the predicted position of the primary maxima according to the 
theory of Tebooman™*. 

The data of this exreriment mke available for study the 
angular distributions of the ground state and six excited levels 
which appear to have almost oure striming-tyne distributions. It 
is believed that the additional work necessary to mle a mchine 
calculation would be warranted in order to determine to what degree 


Toboeman's theory agrees with experiment. 
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